Olig family is a novel sub-family of basic helix-loop-helix transcription factors recently identified. Olig1 and Olig2 were first reported to promote oligodendrocyte differentiation, and later Olig2 was reported to be involved in motoneuron specification as well. Olig3 was isolated as a third member of Olig family, but its precise expression pattern is poorly understood. Here, we describe detailed Olig3 expression analyses in the neural tube of embryonic mice. Olig3 was first detected in the dorsal neural tube from the midbrain/hindbrain boundary to the spinal cord. In E11.5 spinal cord, Olig3 was transiently expressed in the lateral margin of the subventricular zone as three ventral clusters at the level of the p3, p2 and p0 domains, as well as in the dorsal neural tube. Olig3 was co-expressed with Nkx2.2 in the lateral margin of the p3 domain. In forebrain, Olig3 was expressed in the dorsal thalamus while Olig2 was complementarily expressed in the ventral thalamus with an adjacent boundary at E12.5. Olig3 is specifically and transiently expressed in different types of progenitors of embryonic central nervous system and then disappears in the course of development. q
Results
Olig1 and Olig2 were first reported as oligodendrocyte specific basic helix-loop-helix (bHLH) factors which promote oligodendrogenesis (Lu et al., 2000; Zhou et al., 2000) . Olig3 was identified as the third member of Olig family based on homology among bHLH domains (Takebayashi et al., 2000) . Olig2 is also involved in motoneuron specification, in addition to its role in oligodendrogenesis (Takebayashi et al., 2000; Mizuguchi et al., 2001; Novitch et al., 2001 ; reviewed by Kessaris et al., 2001) . The Olig family is conserved among vertebrates, for example, human, rodent, chick and fish (zebrafish Olig2 expressed sequence tag (EST), GenBank accession AI883483; medaka Olig2 EST, AU167395) but not in Drosophila or nematodes. In contrast to well-characterized Olig1/2, the precise expression and function of Olig3 are poorly understood. Since Olig3 expression was detected in rhombomere at the 15 somites stage by database search (Takebayashi et al., 2000) , we speculated that Olig3 might have some role(s) in developing central nervous system (CNS).
As a first step to elucidate the function of Olig3 during development, we performed expression analyses using whole-mount in situ hybridization (ISH). Whole-mount ISH of E9.25 and E10.5 mouse embryos revealed that Olig3 was specifically expressed in the dorsal neural tube from the midbrain/hindbrain boundary to the spinal cord ( Fig. 1A-C) . At E9.25, weaker Olig3 expression was observed at hindbrain level (Fig. 1A, arrowheads) . At E10.5, Olig3 was expressed continuously from the upper rhombic lip caudally to the tail (Fig. 1B) . Cryosection of the E9.25 embryo showed that Olig3 was expressed in the dorsal part of the neural tube (Fig. 1C, arrowheads) . www.elsevier.com/locate/modo Next, to examine the expression of Olig3 at the protein level, we created rat polyclonal antisera to mouse Olig3. Olig3 expression was highly dynamic in the course of embryonic development but restricted to the CNS. From E10.5 to E12.5, Olig3-immunoreactive cells were located in the most dorsal aspect of the spinal cord, excluding the roof plate ( Fig. 2A,B , data not shown). This expression pattern is analogous to those of D1 interneuron markers, Math1 (Helms and Johnson 1998; Lee et al., 1998) and Barhl1 (Bulfone et al., 2000; Bermingham et al., 2001 ). At E11.5, three ventral expression clusters in both sides appeared transiently (Fig. 2B ), in addition to dorsal expression. At E14.5, weak Olig3-positive cells were scattered in mantle zone (Fig. 2C ). Olig3 expression was transient, declining after E15.5 (data not shown).
To learn whether each member plays a unique or a redundant role, we compared Olig3 expression with that of Olig2 by double-fluorescent immunohistochemistry. As shown in Fig. 2D -F, there were no Olig2/Olig3 double-positive cells in E11.5, E12.5 and E14.5 spinal cord which was indicative of a non-redundant role. Olig2-positive oligodendrocyte progenitors did not co-express Olig3 at a later stage (Fig.  2E,F) . At E11.5 ventral spinal cord, Olig3-positive cells were located in the lateral margin of the subventricular zone, while Olig2-positive cells were located in the ventricular zone (Fig. 2F ). This observation suggests that Olig3 is expressed in differentiating progenitors at specific domains along the D-V axis (Briscoe et al., 2000) . We confirmed that Olig3 was expressed at the level of p3, p2 and p0 domains compared with Nkx2.2, Pax6, Pax7 and Jagged1 (Lindsell et al., 1995; Matise and Joyner, 1997) expression as well as that of Olig2 as pMN domain marker (Fig. 3D ,G-K). There is a possibility that Olig3 and Nkx2.2 are cooperatively involved in oligodendrogenesis from the p3 domain (Soula et al., 2001; Qi et al., 2001; Zhou et al., 2001 ), similar to cooperation of Olig2 and Nkx2.2 in oligodendrogenesis (Zhou et al., 2001; Fu et al. 2002) , because Nkx2.2/Olig3 double-positive cells were observed in the lateral margin of the p3 domain (Fig. 3G, arrowheads) .
In hindbrain, dorsal expression of Olig3 was also observed in the upper and lower rhombic lip (Fig. 3C ,D, arrowheads). Interestingly, both Olig3 and Olig2 were expressed in cerebellar neuroepithelium, however, the locations of Olig3-and Olig2-positive cells were different. Olig2-positive cells were located near the fourth ventricle, while Olig3-positive cells were located at a deeper layer (Fig. 3C,E, asterisks) . Although the two populations were intermingled and vertical segregation was not complete, we could not detect obvious double-positive cells by these antibodies (Fig. 3F ). Since vertical migration is observed in the neuroepithelium (Altman and Bayer, 1985; Hatten 1999) , sequential expression switch from Olig2 to Olig3 may occur in the same cell lineage. In forebrain, Olig3 was expressed in the ventricular zone of the dorsal thalamus while Olig2 was complementarily expressed in that of the ventral thalamus with an adjacent boundary at E12.5 (Fig. 3G-J) . The Olig3 expression domain in thalamus is complementary to Olig2 and Mash1 (Takebayashi et al., 2000; Guillemot and Joyner, 1993) and overlapping with that of Ngn2/Math4A, MBH1 (Gradwohl et al., 1996; Saito et al., 1998) . Thalamic Olig3 expression was also declining in the course of development and we could not detect its mRNA in any parts of adult human brain by dot blot analysis (data not shown).
We demonstrated specific expression domains of Olig3 in diencephalon, rhombencephalon and spinal cord where it was found to be expressed in migrating cells giving rise to the cerebellar external granular layer, precerebellar system (Rodriguez and Dymecki, 2000; Wingate, 2001 ) and specific populations of embryonic spinal cord. Olig3 function would be elucidated by further gain-of-function and lossof-function experiments.
Experimental procedures

Whole-mount ISH
In this study, newly isolated mouse Olig3 clone origi- nated from the C57/BL6 strain, which contains a shorter GA repeat in the 3 0 -untranslated region was used. For generating probe, ApaI fragment (1.35 kb) of mouse Olig3 was cloned into ApaI site of pBluescript vector (Stratagene). Digoxigenin (DIG)-labeled single strand riboprobes were prepared by transcription of linearized plasmids using T7 or T3 RNA polymerase and a DIG RNA labeling kit (Roche). Sense probe transcribed by T7 polymerase was used as the control.
Whole-mount ISH was carried out as previously described (Shimamura et al., 1994) . The embryos were rinsed with phosphate-buffered saline, embedded in Tissue-Tek OCT compound and cut into 10 mm sections by cryostat.
Generation of rat polyclonal antibody to Olig3
The fragment containing most of the mouse Olig3 open In (J), ventral Jagged1 stripe (vJAG1) corresponds to the p1 domain and dorsal Jagged1 stripe (dJAG1) is located in the ventricular zone just ventral to the sulcus limitans (Matise and Joyner, 1997) . (K) Diagram summarizing Olig3 expression in progenitor domains at E11.5 (for details, see Briscoe et al., 2000; Kessaris et al., 2001) . The results of (D,G-J) are combined to depict gene expression patterns in distinct progenitor domains. JAG1, Jagged1; FP, floor plate.
reading frame (amino acids 2-257) was amplified by polymerase chain reaction and cloned in frame to EcoRI and XhoI sites of the pProEX HT vector (GIBCO-BRL) for generation of His-tagged Olig3 protein in Escherichia coli. The sequence was confirmed on both strands. The construct was transformed to BL21 and the protein was induced with isopropyl-1-thio-b-d-galatoside (IPTG). The tagged protein was purified by HisTrap Kit (Amersham Pharmacia Biotech). Immunization was performed with the purified His-tagged Olig3 protein together with Ribi Adjuvant System (Corixa Corporation, Seattle) under the manufacturer's protocol. Briefly, 4-week-old female Donryu rats were immunized at days 0, 21 and 35 by intraperitoneal injection of 100 mg of antigen in combination with the adjuvant. Whole blood was collected at day 38.
The specificity of the Olig3 antisera was confirmed by transient transfection of Olig3 expression plasmid under the control of cytomegalovirus (CMV) promoter in 293 human embryonic kidney cells, which do not express Olig3 endogenously. Olig3 was detected only in the transfected cells with the Olig3 antisera. Preimmune serum was used as the control. Consistent with its role as a transcription factor, Olig3 protein was localized to the nucleus (data not shown).
Antibodies and immunohistochemistry
Immunohistochemistry was performed as described previously (Takebayashi et al., 2000) . All spinal cord sections were made at the thoracic level. Primary antibodies used in this study include: anti-Olig3 antibody (1:500); rabbit anti-Olig2 antibody (1:3000, Takebayashi et al., 2000) ; rabbit polyclonal anti-Jagged1 (1:500, H-114, Santa Cruz Biotechnology); mouse anti-Nkx2.2 (T. Jessell, Developmental Studies Hybridoma Bank (DSHB)); mouse anti-Pax6 (A. Kawakami, DSHB); mouse anti-Pax7 (A. Kawakami, DSHB; Ericson et al., 1997) . Primary antibodies were detected with goat-anti-rat-IgG-Alexa 488, goat-antirat-IgG-Alexa-594, goat-anti-rabbit-IgG-Alexa-594 or goatanti-mouse-IgG-Alexa-488 (Molecular Probes). Immunoperoxidase staining was performed with a combination of biotinylated goat-anti-rat-IgG (OEM Concepts Inc.) or goatanti-rabbit-IgG (Vector Laboratories) and a Vectastain Elite ABC kit (Vector Laboratories). Staining was visualized with diaminobenzidine tetrahydrochloride (DAB) with methylgreen counterstaining.
Animals
ICR mice and Donryu rats were purchased from Japan SLC, Inc. (Shizuoka). In all cases of mouse litters analyzed, the day of detection of vaginal plug was considered 0.5 dpc.
RNA blot and hybridization
Dot blot membrane was purchased from Clontech. The radioactive DNA probe was prepared by random-primed labeling of the human Olig3 fragment containing all of the open reading frame. Hybridization and washing were performed under high stringency conditions with standard protocols.
